E2F6 is believed to repress E2F-responsive genes and therefore plays an important role in cell-cycle regulation. However, the role of E2F6 in the control of apoptosis remains unknown. We show here that the expression of E2F6 was downregulated with a concurrent increase in BRCA1 mRNA and cleaved protein during ultraviolet (UV)-induced apoptosis in human embryonic kidney 293 cells. Moreover, E2F6 overexpression distinctly inhibited UV-induced apoptosis as well as UV-induced increases in BRCA1 expression and cleavage, accompanied with increases of the full-length BRCA1 and BRCA1 nuclear foci. In contrast, knockdown of E2F6 by small interfering RNA had opposite effects. Furthermore, these effects of E2F6 on BRCA1 depended upon the association of E2F6 with BRCA1 via its C-terminus in a UV-triggered manner and upon the transcriptional repression by E2F6 on the BRCA1 promoter. These findings provide the first demonstration of the important role for E2F6 in the control of apoptosis via targeting of BRCA1.
1
Recent studies have shown that the E2F transcription factor family has a pivotal role in the regulation of cell proliferation and antiproliferative processes, such as apoptosis and senescence. 2, 3 Members of this family act by establishing the correct transcription state of the genes that direct the cell-cycle process and trigger cell death when they become deregulated by oncogenic mutations. 4 Therefore, by understanding the specific roles of the individual E2Fs and the mechanisms underlying their function, we can gain important insights into the processes of cellular proliferation and apoptosis.
The human E2F family of transcription factors has eight known family members (E2F1-8) 2, [5] [6] [7] and two dimeric partners (DRTF1-polypeptide-1 and DRTF1-polypeptide-2), the latter of which forms heterodimers to generate functional E2F complexes. 8, 9 E2F members possess highly conserved DNA binding and heterodimerization domains, with the exception of E2F7 and E2F8. 6, 7 The E2F family can be functionally categorized into either transcriptional 'activators' (E2F1-2, E2F3a) or 'repressors' (E2F3b, E2F4-8). 2, 10 Activators E2F1, E2F2, and E2F3a are negatively regulated by interaction with pRb, a tumor suppressor protein. The Rb-E2F pathway regulates expression of many genes whose products are required for DNA synthesis, progression of the cell cycle and apoptosis.
11 E2F4 and E2F5 are thought to be important in the repression of E2F-responsive genes for the cell cycle. 2, 10 E2F7 and E2F8, the most recently identified ones, can function as repressors, independent of DP interaction, to negatively influence cellular proliferation. 6, 7 E2F6 lacks the transactivation and pocket protein (pRb, p107, and p130) binding domains found in other E2Fs, and can repress the transcription of known E2F-responsive genes. 5 It has also been shown that its carboxyl terminus has repression activity. 12 Overexpression of E2F6 leads to accumulation of cells in the S-phase and delays re-entry into the cell cycle in quiescent cells. 13 More recently, E2F6 has been suggested to repress transcription of BRCA1, CTIP, ART27, HP-1a, and RBAP48 genes (which encode functions involved in tumor suppression and maintenance of chromatin structure) via its repression of the target promoter. 14 However, the biological function of E2F6 is not fully understood.
The tumor suppressor BRCA1 is a multifunctional protein implicated in DNA repair, cell-cycle regulation, and transcription. 15 BRCA1 becomes hyperphosphorylated in response to various DNA-damaging agents, including g-irradiation. 16 It is implicated in the repair of double-strand breaks by homologous recombination in embryonic stem cells from BRCA1 knockout mice 17 and in global genomic repair of ultraviolet (UV)-induced DNA damage. 18 In addition, BRCA1 has been implicated in the regulation of apoptosis. Exogenous expression of BRCA1 sensitizes cells to apoptosis. 19 BRCA1 also enhances apoptosis induced by stimuli such as growth factor withdrawal and substratum detachment in ovarian and prostate cancer cell lines. 20 Although it is well-established that BRCA1 plays a crucial role in mediating apoptosis, little is known about a possible link between E2F6 and BRCA1 during apoptosis.
In this study, we tested the hypothesis that E2F6 may repress apoptotic response via targeting of BRCA1. Dose-and time-dependent relationships between expression of E2F6 and BRCA1 during UV-induced apoptosis were examined. Further, the functional link between them was identified by overexpression of full-length E2F6 and RNA interference (RNAi)-mediated knockdown of E2F6 expression, and by cotransfection of E2F6 and the C-terminus of BRCA1 during UVinduced apoptosis in human embryonic kidney 293 (HEK293) cells, combined with a protein-protein interaction approach. We demonstrate that the human E2F6 gene plays an important role in UV-induced apoptosis. We also provide evidence for the regulatory mechanisms of the functional link between E2F6 and apoptosis via its modulation of BRCA1.
Results
Dose-and time-dependent changes of E2F6 and BRCA1 levels during UV-induced apoptosis. To investigate the temporal effect of genotoxic agent-induced apoptosis on the transcript and protein levels of E2F6 and BRCA1, HEK293 cells were irradiated with various doses of UV ranging from 25 to 100 J/m 2 or were observed for up to 24 h after irradiation at 100 J/m 2 . Induction of apoptosis was confirmed by the appearance of condensed chromatin or apoptotic bodies 24 h after irradiation in a dose-and a posttime-dependent manner (Figure 1a ). In the same sets of experiments, the transcript and protein levels of endogenous E2F6 were reduced significantly in a UV dose-and a posttime-dependent manner, accompanied by UV dose-and post-time-dependent upregulation of BRCA1 transcript at higher doses (Figures 1b and c) . The protein level of fulllength BRCA1 decreased in dose-and post-time-dependent manners, whereas the cleaved 90 kDa C-terminal fragments of BRCA1 21 accumulated greatly with the increased UV doses and time points following UV irradiation. Therefore, the total BRCA1 protein levels increased after UV irradiation (Figure 1c ). Taken together, these data imply that downregulation of E2F6 may be involved in UV-induced apoptosis via deregulation of BRCA1.
E2F6 represses UV-induced apoptosis. To confirm the role of E2F6 in the regulation of apoptosis, we examined UVinduced apoptosis after overexpression of wild-type E2F6 or knockdown of E2F6 by using small interfering RNA (siRNA). HEK293 cells were transfected with constructs that express control enhanced green fluorescent protein (EGFP), fulllength wild-type E2F6-EGFP (E2F6wt), mutant E2F6 with C-terminal deletion (220-281)-EGFP (E2F6DC), or were transfected with nonspecific siRNA (NS) or E2F6-specific siRNA (siE2F6), respectively, (Figures 2a and b) . Western blot analysis for HA showed that cells transfected with E2F6wt and E2F6DC expressed the proper proteins (Figure 2a) . Treatment of siE2F6, but not of a nonspecific control, resulted in a significant reduction in E2F6 mRNA and protein expression (Figure 2b ). Fewer E2F6wt-expressing cells demonstrated apoptotic morphology and nuclear changes than did control cells at 24 h after UV irradiation (100 J/m 2 ), whereas more cells transfected with siE2F6 showed apoptotic changes than did cells transfected with NS (Figures 2c and d) . Consistently, overexpression of E2F6wt significantly reduced the percentage of cells in the sub-G1 phase analyzed by flow cytometry (FACS), a condition corresponding to apoptotic cells (Figure 2e ), and showed less DNA fragmentation (Figure 2f ). In contrast, cells treated with siE2F6 were more numerous in the sub-G1 phase and had more DNA fragmentation (Figures 2e and f) . These data demonstrate a functional role for E2F6 in the regulation of the apoptotic response to UV irradiation, that is, that upregulation of E2F6 expression can increase the resistance of cells to UV-induced apoptosis and that downregulation of endogenous E2F6 can sensitize cells to UV-induced apoptosis.
E2F6 abrogates the increases of BRCA1 transcription and accumulation of cleaved BRCA1 C-terminus during UV-induced apoptosis. BRCA1 is cleaved by caspase-3 during UV irradiation, and the cleaved C-terminal 90 kDa fragment triggers the apoptotic response through activation of the BRCA1 downstream effectors, GADD45, and JNK. 21 To determine whether E2F6 represses UV-induced apoptosis through modulation of BRCA1, we then examined the effect of overexpression or specific knockdown of E2F6 on BRCA1 transcription and accumulation of the cleaved BRCA1 C-terminus. HEK293 cells were transiently transfected with control EGFP, E2F6wt, NS or siE2F6, followed by exposure to various doses of UV irradiation. Cells expressing EGFP did not show significant changes in the transcript levels of BRCA1 compared to that of the control group without transfection (data not shown), whereas cells expressing E2F6wt had significantly lower transcript levels of BRCA1 compared to that of EGFP-transfected cells at doses of 25-100 J/m 2 UV irradiation (Figure 3a) . In contrast, the transcript of BRCA1 in cells treated with siE2F6 was significantly increased in a UV dose-dependent manner (Figure 3a) . Consistently, EGFP expression did not affect the accumulation of cleaved BRCA1 fragments, whereas the accumulation was significantly repressed by expression of E2F6wt at X50 J/m 2 UV irradiation, and increased by siE2F6 treatment at 25-100 J/ m 2 UV irradiation ( Figure 3b ). In parallel, after exposure to different doses of UV, there were fewer apoptotic cells when expressing E2F6wt and more when treated with siE2F6 ( Figure 3c ). These results suggest that E2F6 may increase cell resistance to UV-induced apoptosis via its inhibition on the BRCA1 transcript and accumulation of cleaved BRCA1 C-terminus.
It has been reported that E2F6 negatively regulates BRCA1 at the mRNA level via transcriptional repression.
14 To confirm whether the increase of BRCA1 mRNA level by UV irradiation is due to the decreased repression of E2F6 on BRCA1 promoter, we performed the chromatin immunoprecipitation assays (ChIP) to examine the recruitment of E2F6 to the BRCA1 promoter. As shown in Figure 4 , the BRCA1 promoter was robustly enriched by the E2F6 antibody without UV irradiation, whereas the binding of E2F6 to BRCA1 promoter was significantly decreased after UV irradiation and decreased further by siE2F6 treatment. However, more recruitment of E2F6 to BRCA1 promoter was detected in cells overexpressing E2F6wt. Taken together, these data indicate that E2F6 can bind to BRCA1 promoter, but the recruitment of E2F6 to the BRCA1 promoter is mitigated by UV irradiation.
E2F6 represses UV-induced increases of the transcripts, cleavage of BRCA1, and apoptosis in a transfection dose-dependent manner. To provide more pertinent evidence for the possible regulation of E2F6 in UV-induced apoptosis via targeting of BRCA1, we then examined the effect of E2F6wt or siE2F6 at various doses of transfection on the transcript of BRCA1 and the accumulation of cleaved BRCA1 C-terminus during 50 J/m 2 UV-induced apoptosis. With the increased amounts of transfected E2F6wt, BRCA1 transcription was correspondingly repressed during UVinduced apoptosis, whereas it was increased with increased amounts of siE2F6 transfection (Figure 5a) . Similarly, the accumulation of the cleaved BRCA1 Cterminus was regulated by the transfection amount of E2F6wt or siE2F6 in a dose-dependent manner as seen above (Figure 5b ). In parallel experiments, UV-induced apoptosis was repressed with an increased transfection amount of E2F6wt, but the apoptosis was increased along with increased amounts of transfected siE2F6 (Figure 5c ). Taken together, these results provide further evidence that E2F6 inhibits UV-induced apoptosis by repressing the transcription of BRCA1 and the accumulation of the cleaved BRCA1 C-terminus.
Co-expression of BRCA1 C-terminus (BRCA1-KE) with E2F6 partially abrogates antiapoptotic effects of E2F6. To further evaluate the contribution of decreased accumulation of cleaved BRCA1 C-terminus to the protection of cells from apoptosis by E2F6, cells were co-transfected with E2F6wt and BRCA1-KE and subjected to UV irradiation. The apoptosis seen in the cells co-expressing control EGFP and pcDNA4 was inhibited by co-overexpression of E2F6wt and pcDNA4, but was enhanced by co-transfection of BRCA1-KE and EGFP. Moreover, the apoptosis seen in the cells co-expressing BRCA1-KE and EGFP was inhibited in the cells co-expressing E2F6wt and BRCA1-KE ( Figure 6a ). Similar observations were obtained from the analysis of cells in sub-G1 phase using FACS (Figure 6b ).
These results confirmed that overexpressed BRCA1 Cterminus sensitizes cells to UV-induced apoptosis; therefore, the reduction of the cleaved BRCA1 C-terminus is involved in the antiapoptotic effects of E2F6. Furthermore, these results also suggest that E2F6 may inhibit apoptosis by other mechanisms in addition to its repression of the cleavage of BRCA1.
E2F6
increases UV-induced BRCA1 nuclear foci. Endogenous BRCA1 accumulates into discrete subnuclear foci termed 'BRCA1 nuclear dots' in the Sphase. 22 Following UV-induced DNA damage, these dots become re-distributed into more dispersed nuclear foci and are involved in DNA repair. 23, 24 To confirm whether antiapoptotic effects of E2F6 are related to the increase of the BRCA1 nuclear foci, we next examined the BRCA1 nuclear foci in cells transfected with E2F6wt or siE2F6 during UV-induced apoptosis. Without UV irradiation, only 25% of control cells showed o10 foci, whereas after UV irradiation, B41-48% of cells, with or without transfection of control EGFP or NS, displayed 450 foci (Figure 7a and b) . The BRCA1 foci were increased to 71% in cells expressing E2F6wt, but decreased to 27% in cells treated with siE2F6 (Figure 7a and b) . These results indicate that the increases of UV-induced BRCA1 nuclear foci may also contribute to the antiapoptotic effect of E2F6. Figure 4 E2F6 recruits to the BRCA1 promoter and this recruitment is decreased by UV irradiation and further by siE2F6 but increased by E2F6 overexpression. HEK293 cells transfected with or without EGFP, E2F6wt, NS or siE2F6 were subjected to ChIP analysis, using antibodies of E2F6 and normal rabbit IgG, 24 h post-UV irradiation (100 J/m 2 ). A total of 0.2% of the total input of each sample was subjected to PCR to show that equal amounts of starting input chromatin were used Association of E2F6 with BRCA1 via its C-terminus is required for its repression of cleavage of BRCA1 and increase of BRCA1 nuclear foci. As demonstrated above, E2F6 was able to repress the cleavage of BRCA1 and increase BRCA1 nuclear foci during UV-induced apoptosis. To determine whether these effects of E2F6 are related to its association with BRCA1, we expressed E2F6wt or mutant E2F6DC in HEK293 cells, after which the cells were exposed to 100 J/m 2 UV irradiation and allowed to recover for 24 h. Cell lysates were immunoprecipitated with control (normal rabbit IgG and normal goat IgG), anti-E2F6, or anti-BRCA1 antibodies. The resultant complexes were recovered and resolved by SDS-PAGE, and were immunoblotted with anti-E2F6 or anti-BRCA1 antibodies. With E2F6wt expression, BRCA1 could be detected in the complexes with anti-E2F6, and E2F6 was also observed in BRCA1 immunoprecipitates after UV irradiation (Figure 8a ). However, without UV irradiation, neither BRCA1 in E2F6 immunoprecipitates nor E2F6 in BRCA1 complexes could be detected (Figure 8b ). Next, we tested whether the C-terminal fragment of E2F6 is a necessary domain for the association of E2F6 and BRCA1. Because of undetected content of endogenous E2F6 in immunocomplexes with 100 J/m 2 UV irradiation (Figure 8a ), we could exclude the effect of endogenous E2F6 on E2F6DC precipitation. HEK293 cells expressing E2F6DC were treated as above. After UV irradiation, the association between E2F6DC and BRCA1 could not be detected (Figure 8a) . Thus, we conclude that E2F6 and BRCA1 can associate with one another via the C-terminus of E2F6 in a UV-triggered manner.
To further determine whether the association between them is necessary for the modulation of E2F6 on BRCA1, we then compared the effects of E2F6wt overexpression with mutant E2F6DC (the latter could not interact with BRCA1 as shown in Figure 8a ) on the cleavage of BRCA1 and BRCA1 nuclear foci. E2F6wt significantly increased the protein level of fulllength BRCA1 and reduced the accumulation of cleaved BRCA1 C-terminus after UV-irradiation; but the level of fulllength BRCA1 was significantly decreased in E2F6DC cells, and was associated with an increased cleavage of BRCA1 (Figure 8c) . Moreover, the increased BRCA1 foci in cells expressing E2F6wt was reduced to a control level in cells expressing E2F6DC (Figure 8d ). These results provide evidence that the regulation of E2F6 on BRCA1, and thereby on apoptosis, is related to the association between the two proteins.
Discussion
In this study, we have demonstrated first that E2F6 can negatively regulate UV-induced apoptotic cell death. The E2F family of transcription factors has been shown to play critical roles in controlling normal and tumor cell proliferation. 2 A number of lines of evidence show that E2F1 can induce both proliferation and apoptosis. 11 Recent studies demonstrate that expression of the E2F6 repressor is influenced at the transcriptional level by E2F1. 25 Although these observations imply that E2F6 may also be implicated in the regulation of apoptosis, no study so far has directly shown functional relevance of E2F6 in apoptosis. Here, we show that UVinduced apoptotic cell death is associated with downregulated endogenous E2F6 in a dose-and time-dependent manner. E2F6 overexpression significantly represses UV-induced cell apoptosis, whereas RNAi-mediated E2F6 downregulation sensitizes cells to UV-induced apoptosis. These findings also suggest that the ability of E2F6 to sensitize cells to a death response to genotoxic stress by its downregulation is important in tumor suppression and in radiotherapy.
Another novel finding in the present study is the establishment of BRCA1 as a target for E2F6-regulated apoptotic cell death. In addition to cell-cycle arrest, BRCA1 is reported to be implicated in the regulation of apoptosis. 26 Overexpression of wild-type BRCA1 increases susceptibility to apoptosis induced by apoptotic stimuli, including ionizing radiation and treatment with anticancer agents in breast and ovarian cancer cell lines. 20, 21 Here, we show that the negative regulation of E2F6 in the development of apoptosis may be related to its repression of the transcription of BRCA1 that is upregulated by UV irradiation. This is possibly mediated by the transcriptional repression by E2F6 of the BRCA1 promoter.
14 The BRCA1 mRNA upregulated by high doses of UV appears to be related to the reduced transcriptional repression of E2F6 as the recruitment of E2F6 to the BRCA1 promoter is mitigated by UV irradiation. The antiapoptotic role of E2F6 is also related to the preservation of full-length BRCA1. The fulllength BRCA1 is downregulated during UV-induced apoptosis, accompanied by an accumulation of the cleaved BRCA1 C-terminus, 21 ,27 consistent with our observations. Expression of a non-cleavable mutant BRCA1 raises the cellular resistance to UV-induced cell death, whereas caspase-3-mediated cleavage of BRCA1 triggers the apoptotic response through activation of BRCA1 downstream effectors GADD5 and JNK. 21 We demonstrate that E2F6wt overexpression significantly increases full-length BRCA1 and decreases the cleavage of BRCA1, whereas E2F6 siRNA or E2F6DC reverses these effects. Moreover, the antiapoptotic effect of E2F6 is inhibited by co-overexpression of BRCA1 C-terminus, further confirming that the antiapoptotic effect of E2F6 is related to its reduction of the accumulation of cleaved BRCA1 C-terminus. Importantly, we find that E2F6 can associate with BRCA1 after UV irradiation and that this association disappears after deletion of the C-terminal repression domain of E2F6. However, the detailed molecular mechanisms for the association between these two proteins still require elucidation. These consistent observations indicate that E2F6 may block the cleavage of BRCA1 via the association with fulllength BRCA1 through its C-terminal domain (220-281). Therefore, downregulation of E2F6 may allow increases in BRCA1 transcripts and the accumulation of the cleaved BRCA1 C-terminus, which may consequently promote the apoptotic response to genotoxic stress.
The finding that E2F6 increases BRCA1 foci after UVinduced DNA damage reveals an important role of E2F6 in the process of DNA repair. Substantial evidence shows that BRCA1 plays an important role in mediating cell survival in response to DNA damage, 28 in particular as regards doublestrand DNA breaks 17 and global genomic repair of UVinduced cyclobutane pyrimidine dimmers. 29 The known functions of BRCA1 occur mostly in the nucleus. 24 The molecule becomes localized as discrete nuclear dots during cellular DNA replication (S-phase) and, after DNA damage, nuclear BRCA1 becomes re-distributed into more numerous, smaller foci that co-stain with many proteins associated with DNA repair and replication, for example, Rad51, 22 Rad50/ hMre11/p95, 30 and proliferating cell nuclear antigen. 23 With transient overexpression of E2F6, we demonstrated that E2F6 increases UV-induced BRCA1 nuclear foci and that this effect is related to their association through the C-terminal domain of E2F6. Because full-length, but not cleaved, BRCA1 has an ability to form nuclear foci dots that are associated with DNA repair, 31 it may be that the increased BRCA1 nuclear foci, when wild-type E2F6 is overexpressed, may not be due to the effect of E2F6 on nuclear foci formation, but rather to the higher level of the full-length BRCA1. Therefore, E2F6 may also be involved in DNA repair, at least, via its regulation of BRCA1.
Previous studies showed that BRCA1 mRNA level is downregulated by UV irradiation at doses of p20 J/m 2 in human breast cancer cells, MCF-7 cells, and SK-OV-3 cells. 32 This downregulation at low doses of UV appears not to be directly related to the induction of apoptotic DNA fragmentation or cell death, because the prominent downregulation of BRCA1 is observed at a UV dose of 5 J/m 2 for which cell survival was X90%. 32 Our data collected at low doses (p25 J/m 2 ) of UV (o25 J/m 2 data not shown) are consistent with the above observation. At higher doses of UV irradiation, following the decrease of E2F6 mRNA and protein levels, both mRNA and cleaved fragments of BRCA1 are upregulated with appearance of an increased percentage of apoptotic cells. This regulation may allow cells to cope with the increased DNA damage by inducing apoptotic cell death via activation of BRCA1 downstream effectors 19, 20 and repair of DNA damage to maintain genomic integrity. 28 In conclusion, we demonstrate here that E2F6 negatively regulates UV-induced apoptosis via modulation of BRCA1. At least two mechanisms are involved in this process: (i) E2F6 represses the expression of BRCA1 at the transcriptional level; (ii) E2F6 binds to full-length BRCA1 protein via the Cterminus of E2F6 and mitigates the accumulation of BRCA1 cleavage ( Figure 9 ). The potential impact of E2F6 upon cancer mutation via its regulation on BRCA1 remains to be examined.
Materials and Methods
Cell culture. A human embryonic kidney cell line HEK293 was cultivated in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at 371C in 5% CO 2 . 33 All cultivation media and other substances for cell culture were purchased from Gibco BRL Plasmid construction and transfection. The plasmids, pcDNA3-HA-E2F6 (E2F6 cDNA constructs) and pcDNA3-HA-E2F6DC (D220-281, lacking the repression domain of E2F6), were provided by Professor David M Livingston (Harvard Medical School, Boston). 12 The BRCA1 C-terminal fragments KE in pcDNA4 (BRCA1-KE) were obtained from Dr. QM Zhan. 21 To generate the EGFP-containing E2F6wt and E2F6DC expression vectors, an EcoR I-Xab I CMV-EGFP-containing fragment from pAdtrack-CMV (Qbiogene) was subcloned into pcDNA3-HA-E2F6 and pcDNA3-HA-E2F6DC, respectively. At 24 h before transfection, cells were seeded onto six-well culture plates and transfected at a 70-80 % confluence with 1 mg or 0.25-4 mg of plasmid DNA in those experiments using the Ca-phosphate procedure, as described previously. 34 Transfection efficiency was evaluated on the basis of the percentage of green fluorescent protein-positive cells.
siRNA transfection. At 24 h before transfection, HEK293 cells were plated onto six-well culture plates and transfected with siRNAs at 70-80% confluence. Double-stranded siRNAs were purchased from GenePharma and included siE2F6 (AAGGAUUGUGCUCAGCAGCUG-custom order), or scrambled siE2F6 (GGUUGUGUGUACCAACCGGAA-custom order) as nonspecific control siRNA (NS). Transfections were performed with RNAiFect reagent (Qiagen) according to manufacturers' instructions. RT-PCR and Western analysis were performed as described below to verify the efficiency of the siRNA.
Cell irradiation. HEK293 cells or transfected HEK293 cells were irradiated with 25-100 J/m 2 UVC (254 nm) using a UV lamp HL-2000 Hybrilinker (UVP, California, USA) at 251C, as described previously. 34 The culture medium was removed before irradiation and fresh medium added to the plates immediately after irradiation. Cells were then incubated at 371C for 24 h before further experiments or for 1-24 h for the time course study.
RT-PCR analysis. Total cell RNA was extracted from monolayer cells using TriZol reagent (Invitrogen), according to the manufacturer's instructions. RNA (0.5 mg) was converted to cDNA by using Superscript II reverse transcriptase (Invitrogen) in a final volume of 20 ml, and 0.4 ml of this was used for each polymerase chain reaction (PCR). Semiquantitative PCR was performed using Taq DNA polymerase (Promega) in a Mastercycler gradient (Eppendorf, Hamburg, Germany) under the following conditions: 5 min at 951C followed by 35 cycles. Each cycle consisted of denaturation at 951C for 45 s, annealing at 551C for 40 s, and extension at 721C for 45 s. After completion of the last cycle, there was an autoextension for 5 min at 721C. PCR products were visualized on a 1% agarose gel containing ethidium bromide. Gel images were captured with a Gel Doc 2000 system (Bio-Rad, California, USA) and signals were quantified using Quantity One software (Bio-Rad) and normalized against M28S signal. The primers of BRCA1 DNA fragmentation assay. DNA fragmentation was determined according to previous methods, 35 with slight modifications. In brief, floating and attached cells (3-4 Â 10 6 ) were pelleted by centrifugation at 500 Â g for 10 min and lysed in 500 ml TTE buffer (containing 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 0.2% Triton X-100). Lysates were centrifuged at 13 000 Â g for 15 min and the supernatants containing low molecular weight fragmented DNA were collected. RNA was removed by addition of RNase A (0.25 mg/ml) and incubated at 371C for 1 h. The DNA was de-proteinized by one extraction in phenol : chloroform : isoamylalcohol (25 : 24 : 1) and two extractions in chloroform/isoamylalcohol (24 : 1), followed by precipitation at À201C in 50% isopropanol and 130 mM NaCl. DNA was visualized on a 2% agarose gel containing ethidium bromide.
FACS analysis. Samples were prepared for FACS as described previously. 36 Briefly, 1 Â 10 6 treated cells were fixed in cold 70% ethanol for 30 min, treated with 100 mg/ml DNase-free RNase A (Sigma), and labeled with 50 mg/ml propidium Figure 9 Model for the negative regulation of E2F6 on UV-induced apoptosis via modulation of BRCA1. E2F6 inhibits UV-induced apoptosis by repressing the expression of BRCA1 mRNA at the transcriptional level and cleavage of BRCA1. The effect is related to the association of E2F6 with the full-length BRCA1 via the C-terminal repression domain of E2F6 after UV irradiation, which accumulates fulllength BRCA protein by mitigating the BRCA1 cleavage and may thereby increase nuclear BRCA1 foci iodine (Sigma). Cells were then analyzed by FACS (FACStar Plus Flow Cytometer, Becton-Dickson, San Jose, USA).
Immunoprecipitation assay. Cells were lysed in lysis buffer containing 25 mM Tris (pH 7.6), 150 mM NaCl, 1 mM NaF, 1% Triton X-100, 1 mM PMSF, 1 mM DTT (Sigma), 1 mM sodium orthovanadate, and 1 mg/ml proteinase inhibitor mixture (Sigma), as described previously. 21 Immunoprecipitations were performed exactly as described, 37 using 1 mg of goat anti-E2F6, rabbit anti-BRCA1 (D-20) (Santa Cruz), normal rabbit IgG, or normal goat IgG antibodies (Santa Cruz), respectively, with end-over-end mixing at 41C for 6 h. Protein G-agarose beads (20 ml, Santa Cruz) were then added and the reaction mixtures mixed further at 41C for 1 h. Immunoprecipitates were separated from the supernatant by centrifugation and washed with PBS containing 0.05% Nonidet P-40. Proteins eluted from the agarose beads were boiled in 1 Â SDS gel-loading buffer and resolved on 8% SDS-PAGE.
Western blot analysis. Cells were lysed as described previously. 23 Cell lysates or immunoprecipitates were separated on 8% (for BRCA1) or 12% (for E2F6) SDS-PAGE, and transferred to polyvinylidene difluoride membranes (MILLIPORE). Membranes were blocked with 5% non-fat milk in Tris-buffered saline-Tween 20 for 1 h at room temperature and then incubated overnight at 41C with antibodies: rabbit anti-BRCA1 (C-20, 1 : 400, Santa Cruz), goat anti-E2F6 (1 : 1000, Santa Cruz), or mouse anti-actin (1 : 1000, Sigma). The membranes were then incubated with horseradish peroxidase-linked secondary anti-rabbit (1 : 4000, Santa Cruz), anti-goat (1 : 2000, Santa Cruz), or anti-mouse (1 : 8000, Sigma). The immunoreaction was visualized with a chemiluminescent detection kit (Western Lighting TM ), exposed to X-ray film and quantified with a video documentation system (Gel Doc 2000, Bio-Rad, California, USA).
ChIP. The ChIP assay was performed as described previously 38 on HEK293 cells with the following exceptions. The chromatin was sheared to an average size of 500-2000 bp. After cross-linking reversal and proteinase K digestion, each individual IP was purified to isolate DNA using a QIA quick PCR purification kit (Qiagen) according to the manufacturer's instructions. The ChIP-enriched DNA was amplified by PCR with specific primers for BRCA1 promoter (forward, 5 0 -TGGCCAATCCAGAGCCCCGAGAG-3 0 and reverse, 5 0 -TGTCCCCCG TCCAGGAAGTCTCA-3 0 ). E2F6 antibody used in the ChIP assays was purchased from Santa Cruz.
Immunofluorescence staining. Immunostaining was carried out as described previously. 39 Cells were seeded on glass coverslips 2 days before UV irradiation. After 24 h post-irradiation incubation, cells were fixed in 3.7% formaldehyde in PBS for 15 min, washed with PBS, permeabilized with 0.2% Triton X-100 in PBS for 10 min, and again washed with PBS. Following a blocking step with 10% goat serum in PBS for 45 min, cells were incubated with a primary antibody, rabbit anti-BRCA1 (D-20) (1 : 100, Santa Cruz) for 1 h at 371C. After washing with PBS, cells were incubated with Texas-Red-conjugated anti-rabbit secondary antibody (1 : 1000, Sigma) at 371C for 1 h and then were rinsed three times with PBS. To visualize the nucleus, cells were then incubated with Hoechst 33342 (Sigma) at room temperature for 15 min. The subcellular localization of BRCA1 protein was observed with a confocal scanning laser microscope (Zeiss, LSM510, Carl Zeiss, Oberkoken, Germany).
Scoring of BRCA1 intranuclear foci. Cells were prepared for immunostaining of BRCA1 as described above. Cells with or without UV exposure (100 J/m 2 ) were cultured for 24 h before fixation. Cells were then assessed by confocal scanning laser microscopy and scored as containing either no nuclear foci, o10, or 450 BRCA1 nuclear foci. At least 90 transfected cells were scored in each well.
Statistical analysis. All data are expressed as mean7S.E.M. Data were analyzed using one-way analysis of variance and Fisher's protected least significant difference test for multiple comparisons (SPSS 10.0, SPSS Inc, USA). Po0.05 was considered to be statistically significant.
